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Introduction
Previous studies have suggested a pathogenic link between asthma and respiratory viral infection (1, 2) . Viral infections in early childhood prevent late development of allergic disease (hygiene hypothesis) (3), while respiratory viral infections are considered a risk factor for the development of asthma as well as mite allergen exposure (4) (5) (6) . Respiratory syncytial virus (RSV) is a major pathogen of severe lower respiratory tract disease in infancy (7) (8) (9) . Most infants infected with RSV are less than two years of age, and tend to develop a bronchiolitic pattern of clinical features (10) . Among many respiratory viruses, RSV has attracted special attention in the interaction with the development of asthma (8, 10) .
The mouse is an excellent model for studying the interaction between RSV infection and allergen sensitization (11, 12) . Several studies have shown that RSV infection in aeroallergen-sensitized mice exacerbates airway inflammation (13) (14) (15) . On the other hand, RSV infection before allergic sensitization attenuates allergic airway inflammation (16) . In addition, RSV infection during ovalbumin sensitization suppresses Th2 cytokine profile in lung tissues (17) . Thus, the interaction between RSV infection and allergen sensitization remains to be determined.
Dendritic cells (DCs) play an important role in primary allergic sensitization to aeroallergens (18) . DCs are involved in antigen uptake, processing, and presentation of antigenic fragments to T cells in the respiratory mucosa (19) . DCs are the only antigen-presenting cells that can prime naive T cells and initiate primary T cell-mediated responses (20, 21) . DCs also determine the development of T cell-mediated immune responses into either Th1 or Th2 (22, 23) , and play a central role in initiating the adaptive immune response against infection (24) . Furthermore, it is reported that respiratory viruses, such as RSV and measles, can infect DCs (25) (26) (27) . Considered together, it seems that DCs play a major 4 role in both allergy and viral infection. Although previous studies determined cytokine and chemokine production by RSV-infected immature DCs (26, 27) , there are no reports that studied the effects of both RSV infection and allergen sensitization on DCs, both in vitro and in
vivo.
We hypothesized that DCs are key players in the interaction between RSV infection and mite allergen sensitization. To test this hypothesis, murine bone marrow-derived DCs were pulsed with mite allergen and/or infected with RSV in the present study and expression of costimulatory molecules and cytokine production were determined in vitro. Subsequently, these DCs were inoculated into the airway of naive mice and their in vivo capacities to initiate allergic airway inflammation were compared. Our results indicated that RSV infection of mite allergen-pulsed DCs resulted in a shift of the immune response from Th2 to Th1 both in vitro and in vivo. 
Flow cytometric analysis
The expressions of various surface markers on DCs were evaluated by staining the cells with fluorescein isothiocyanate (FITC)-labeled antibodies to MHC class II, CD40 and CD86 (all from BD PharMingen, San Diego, CA) and Phycoerythrin (PE)-labeled antibody to CD11c (PharMingen). Data were presented as mean fluorescence intensity (MFI). Further details are provided in the online data supplement.
In vivo priming with Df pulsed DCs
After 11 days of culture, the six groups of DCs were resuspended at 1 x 10 6 cells in 50 µl phosphate-buffered saline (PBS). They were inoculated intranasally into 4 to 5-week-old naive female BALB/c mice. Then all mice were challenged intranasally with 50 µg/50 µl of Df allergen for five consecutive days from days 20 to 24.
Histopathological examination
Lung tissues harvested from the intranasally DCs-inoculated mice were semi quantitatively analyzed as described previously (29). Additional details are provided in the online data supplement.
Cytokine assay of mediastinal lymph nodes
Mononuclear cells were prepared from mediastinal lymph nodes of mice and cultured in the absence or presence of Df allergen. The concentrations of interferon (IFN)-γ and IL-5 in the supernatants were determined by enzyme-linked immunosorbent assay (ELISA). Additional details are provided in the online data supplement.
Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis
Total RNA was isolated from DCs on day 10 and lung tissues of intranasally DCs-inoculated mice. Murine toll-like receptor 4 (TLR-4), β-actin and RSV N protein specific primers based on previous reports (30, 31) were used for RT-PCR. Additional details are provided in the online data supplement.
Statistical analysis
Results are expressed as mean ± standard error of mean (SEM). Differences between groups were examined for statistical significance using repeated-measures ANOVA with a Bonferroni multiple comparison test. A p value < 0.05 was considered significant.
Results

RSV replicates in murine bone marrow-derived dendritic cells
The expression of murine TLR-4, which is important for activation of the innate immune response to RSV infection (32, 33) , was confirmed in murine bone marrow-derived DCs by RT-PCR (Fig. 1A) . In addition, virus replication was demonstrated in DCs 24 hrs after infection with live RSV, whereas viral RNA could not be detected in UV-inactivated sham infected DCs (Fig. 1A) . The time-course study demonstrated that RSV RNA in DCs became detectable 24 hrs after infection and disappeared 72 hrs after infection ( 
RSV infection alters expression of surface markers on Df pulsed-DC
RSV alters cytokine response of Df pulsed-DC
We also measured the concentrations of IL-10 and IL-12 in culture supernatants of the six groups of DCs (Fig. 2) . UVRSV did not have any effect on the production of both cytokines. In 
RSV infection attenuates Df pulsed DC-induced allergic airway inflammation in vivo
To determine whether the functional changes in DCs observed in vitro were actually translated in vivo, the six different groups of DCs were intranasally inoculated into naive mice, and then these mice were challenged intranasally with Df allergen. Representative photographs of lung pathology are shown in Figure 3I . Lung tissues of mice harboring RSV-DCs showed normal histology and were comparable with those seen in mice harboring the Control-DCs. In contrast, lung tissues of mice inoculated with Df-DCs exhibited peribronchovascular cellular infiltration with lymphocytes and eosinophils. UVRSV did not show any significant pathological effects on both Control and Df-DCs. In mice inoculated with Df-RSV-DCs, Df-DCs-induced pulmonary inflammation was markedly attenuated. Semiquantitative analysis of lung pathology confirmed these changes (Fig. 3II) . These results indicate that RSV infection of Df pulsed-DC attenuated allergic airway inflammation.
Df pulsed DCs induce Th2-like cytokines in mediastinal lymph nodes while RSV-Df pulsed DCs induce Th1-like cytokine response
Finally, we compared the production of cytokines by mediastinal lymph nodes mononuclear cells in the six groups of mice (Fig. 4) . UVRSV did not induce cytokine responses in Control In the present study, Df allergen reduced CD40 and increased CD86 expression in immature DCs, while RSV infection of Df allergen pulsed mature DCs resulted in reversal of these expressions. Cytokine production from DCs was simultaneously measured and IL-10 from Df pulsed-DC was significantly attenuated by RSV infection, which had no effect on IL-12 production. Previous studies indicated that IL-10 down-regulates the production of IFN-
and IL-12 by CD4+ T cells and DC (39). High amounts of IL-10 and low amounts of IL-12 induce naive CD4+ T cells to Th2 cells, while low amounts of IL-10 and high amounts of IL-12 induce Th1 cells (40). Collectively, our in vitro experiments demonstrate that RSV infection of
Df-pulsed DCs shifts the immune response from Th2 to Th1.
To determine whether in vitro RSV-induced functional changes in Df pulsed-DCs also occur in vivo, we instilled these DCs into the airways of naive mice. Intranasal transfer of Df Based on previous epidemiological and experimental studies in humans and animals, it has long been suggested that RSV infection might be associated with the development and exacerbation of asthma (8, 43, 44) . Experimental studies also showed that RSV infection could induce the production of larger amounts of IL-10 from immature DCs compared with influenza and parainfluenza viruses (26) 
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In conclusion, the present study clearly showed that RSV infection attenuates Df allergen-induced Th2 dominant allergic responses at least when RSV directly infected DCs.
Further studies are necessary to determine the indirect effects of RSV on DCs through the production of inflammatory mediators from other types of RSV infected cells. 
Histopathological examination
Lung tissues were harvested from the six groups of intranasally DCs-inoculated mice 48 hr after the final Df challenge, fixed by intratracheal instillation of 10% formaldehyde solution, embedded in paraffin, and stained with hematoxylin and eosin (H&E). The lung sections were coded and evaluated at least twice in a blinded fashion by three different observers as described previously (E2). Eosinophil and lymphocyte counts were determined in 10 peribronchovascular areas per section under oil immersion lens. These examined areas were selected at random under a low-power magnification of x 4 at which leukocyte subsets were hardly distinguishable. The mean diameters of the selected blood vessels and bronchioles in each group were not statistically different. Inter-and intra-operative variations were < 10%.
The results were expressed as the mean cell numbers in each group.
Cytokine assay of mediastinal lymph nodes
Mediastinal lymph nodes (LNs) were also harvested from the six groups of intranasally DCs-inoculated mice and the obtained mononuclear cells were purified by passing the tissue through a stainless steel mesh, followed by gravity centrifugation with Ficol-paque (Endogen), using the procedure described in the respective instruction manual.
Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis
All reagents for RT-PCR except primers were purchased from Invitrogen. Total RNA was isolated from DCs on day 10 and lung tissues of intranasally DCs-inoculated mice utilizing The resultant PCR products were analyzed by electrophoresis on 1% agarose gel using 1 x TAE buffer, and visualized by staining with ethidium bromide.
Statistical analysis
